ABSTRACT: Plasmonic colour-graded systems are devices featuring a spatially variable plasmonic response over their surface. They are widely used as nanoscale colour filters; their typical size is small enough to allow integration with miniaturized electronic circuits paving the way to realize novel nanophotonic devices. Currently, most plasmonic colour-graded systems are intrinsically discrete, as their chromatic response exploits the tailored plasmon resonance of micro-architectures characterized by different size and/or geometry for each target colour.
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ABSTRACT: Plasmonic colour-graded systems are devices featuring a spatially variable plasmonic response over their surface. They are widely used as nanoscale colour filters; their typical size is small enough to allow integration with miniaturized electronic circuits paving the way to realize novel nanophotonic devices. Currently, most plasmonic colour-graded systems are intrinsically discrete, as their chromatic response exploits the tailored plasmon resonance of micro-architectures characterized by different size and/or geometry for each target colour.
Here we report the realization of multifunctional plasmon-graded devices where continuouslygraded chromatic response is achieved by smoothly tuning the composition of the resonator material while simultaneously maintaining an achromatic nanoscale geometry. The result is a new class of versatile materials: we show their application as plasmonic filters with a potential pixel size smaller than half of the exciting wavelength, but also as multiplexed surface-enhanced Raman spectroscopy (SERS) substrates. Many more implementations, like photovoltaic efficiency boosters or colour routers await, and will benefit from the low fabrication cost and intrinsic plasmonic flexibility of the presented systems.
Introduction
Plasmons are collective resonant oscillations of the free electron gas in metal nanostructures excited by incident electromagnetic (EM) fields [1] [2] [3] [4] ; they are associated with physical effects of tremendous fundamental and applicative appeal, such as sub-wavelength manipulation of light and ultrasensitive detection [5] [6] [7] .
Plasmon resonances enhance the light-scattering and absorption cross sections, meaning welldefined colours may be introduced in nanomaterials by endowing them with tailored metallic resonators supporting plasmons at the desired frequencies. Nanophotonic devices featuring a spatially-graded, rather than homogeneous, plasmonic response extend such a colour-tailoring concept in a simple, yet extremely appealing, manner. These so-called colour-graded plasmonic systems, based on various physical effects and realized by exploiting a number of nanoarchitectures, have indeed recently found exciting new applications in holography, spectral imaging and colour sorting, and are becoming an increasingly widespread tool in photonics [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] .
When used as colour filters, plasmon-graded systems have an obvious advantage over macroscopic optical filters in their intrinsic microscopic size, yet they share the potential disadvantage of being typically tuned to function at a discrete set of wavelengths (analogous to red-green-blue pixels).
Thus, albeit their small size enables the direct integration with downscaled electronics in original hybrid nanophotonic devices, their plasmonic-resonator geometry hardly lends itself to smoothly vary over the microscopic length scales of realistic miniaturized devices to accommodate a truly "continuous" plasmonic grading.
At variance with these conventional discrete systems, we introduce here the innovative concept of continuously-graded plasmonic systems with achromatic sub-wavelength nano-architectures. We demonstrate a planar plasmonic device where the spatially-graded plasmon resonance is a truly continuous function of the spatial coordinates over the sample surface. The plasmonic-colour grading is achieved by tuning the chemical composition of the material rather than its geometry, 4 exploiting the plasmon-wavelength tuning of AuAg alloys 20 , and thus maintaining a strictly colourinvariant nanoscale system architecture.
The devices presented in this paper are composed by 2-dimensional (2D) arrays of densely-packed Au α Ag (1−α) -alloy NPs, that continuously span the 0<α<1 composition range over the system surface in a spatially-controlled fashion (Fig. 1) . The mean NP size and the mean interparticle gaps are ≈20 nm and <10 nm, independent of composition, yielding areal NPs density consistently higher than This class of materials realizes significant progresses with respect to existing plasmonic colour sorters: beside the just-mentioned fine colour grading they allow to further shrink the pixel size with respect to existing sorters based on lithographic architectures [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , enabling the integration with smaller-scale devices, whilst their achromatic geometry enables an easier integration in photoelectronics. Furthermore, the "achromatic" geometry of chemically-graded systems makes them versatile nano-photonics tools: we explicitly demonstrate such a versatility of use for plasmonic filtering applications 8 and advanced plasmon-enhanced Raman spectroscopy (or SERS) [21] [22] [23] . Many more applications, for broadband photovoltaics (PV) efficiency enhancing 24 , colour routing 13 and more, are at hand simply by engineering the systems microstructure to achieve tailored composition patterns.
Experimental Section
Sample fabrication. The systems were fully fabricated in high vacuum (pressure <1·10 −8 mbar) by means of template-driven metal deposition and dewetting 25, 26 . First, an insulating nanopatterned substrate was prepared by homoepitaxial growth of 240 nm of LiF on LiF(110) single crystals 5 (Crystec Gmbh, Berlin, Germany) at T=570 K, leading to a regular ridge-valley surface nanomorphology, where flat crystal facets forming an angle of 45° with the surface normal are formed with periodicity Λ= (27±5) nm ( Fig. 1(a) ) 27 .
Gold and silver were deposited at grazing incidence (60° from the sample normal) by molecular beam epitaxy at T=350 K ( Fig. 1(b-c) ) on a 10×10 mm 2 substrate.
The geometrical shadow effect of the ridges leads to the formation of nanowires. A movable mask placed between the evaporator and the sample allowed to obtain thickness wedges of the deposit.
Au was deposited first, with equivalent coverage linearly varying as a function of the y coordinate from 0 to 1.7 nm across the sample ( Fig. 1(b) ). Then Ag was deposited as a thickness counterwedge with equivalent coverage from 2.3 nm to 0 ( Fig. 1(c) , the uncertainty in metal coverage is Fig. 1(d) ).
Chemical, optical and morphological characterization. The chemical composition of the samples was measured by X-ray photoelectron spectroscopy (XPS, PHI ESCA 5600 system, with monochromatized Al Kα radiation). In Fig.1 Plasmonic subtractive filtering. The optical response of the system is reported in Fig.2 . Fig. 2(a) displays a picture of the sample under white-light illumination. It clearly appears that the graded composition along the y-direction endows the sample with a spatially-varying colour hue that turns from bluish to yellowish moving from the Au-to the Ag-rich region. The substrate nano-grooves are oriented along the y-direction (parallel to the vertical black lines in the image).
Results and discussion
Position-dependent optical transmission spectra in longitudinal (transverse) geometry are reported in the top graph of Fig. 2 (c) (Fig.2 (d) ). The corresponding extinction patterns are shown in the bottom panels. The marked absorption dip is the fingerprint of the LSP excitation. The LSP shifts from ≈435 nm to nearly 600 nm from the Ag-to the Au-rich region, and consists of a single sharp peak for all compositions. At fixed composition, the LSP is narrower and blueshifted for transverse excitation rather than for longitudinal, due to the system uniaxial symmetry. This effect becomes 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 8 more marked as the composition gets richer in Au, as a consequence of the elongation of the Au NPs along the LiF-ridge direction (25) . The LSP wavelength can be well approximated by a linear function of the Au (Ag) content (black lines in Fig. 2 
(c), (d)).
In Fig. 3 we report an analysis of the system morphology spanning the whole composition range. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   9 A qualitative inspection already reveals that the morphology stays remarkably invariant independent of material composition, undoubtedly one of the most striking properties of the system. This suggests an intrinsically robust and material-independent process of dewetting and aggregation of the AuAg nanowires during their irreversible temperature-driven evolution toward NPs. The substrate grooves are crucial in this process, providing constraints for atomic mobility and effectively narrowing the accessible system configurations helping to achieve composition- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 10 independent morphology. The achromatic characteristics of the NP arrays are confirmed by a quantitative analysis performed by digital NP-recognition that yielded the NP spatial density and allowed to calculate the 2D autocorrelation of NP position ( Fig. 3(a) , right). The recognition algorithm "isolates" each particle and determines the position of its center. The 2D spatial autocorrelation is obtained by counting how many particles are found having their center at a certain relative position with respect to every other given particle. Thus, the very bright spots around the image centre show strong nearest-neighbour order for NPs in the array, allowing to deduce the mean array pitch along and across the LiF ridge direction. The mean NP density, reported in Fig. 3 Combining all the above data, we can also achieve a good estimation of the NP composition. The optical data, showing a single LSP peak linearly shifting in wavelength vs NP nominal composition strongly suggest the formation of a homogeneous alloy for all the compositions 20, 28 . This assumption is reinforced by the position dependence of the XPS intensity of Au and Ag peaks ( 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   11 1(e)). The surface sensitivity of XPS implies indeed that only the few outermost nanometres from the NP surface are probed. Thus, the linear trend of XPS intensity vs nominal Au (Ag) composition is a clear indication that no surface enrichment of any of the two metals has occurred, ruling out core/shell, Janus or other complex morphologies.
Plasmon-enhanced SERS. While the above data indicate the achievement of continuously-graded colour filtering, the major novelty of our chemically-graded systems is that they represent a new class of versatile materials not limited in application to plasmon-filtering, but exploitable for many more nano-photonics applications. One of the most striking, and one that exploits the very same fabrication procedure as just described, is plasmon-graded SERS.
Indeed, the system geometry is such to exhibit plentiful electric-field hot spots, crucial for SERS, and while the density and geometry of these hot spots stay independent of composition, the composition grading simultaneously allows the LSP to vary position-wise. Thus, this variable-LSP substrate enables to spatially tune the spectral overlap between the SERS-excitation source, the substrate LSP and any eventual molecular resonance, while at the same time preserving a strictly identical nano-morphology, something that conventional colour sorters cannot guarantee. The combination of these features therefore transforms our plasmon-graded media into hyper-substrates that may significantly innovate with respect to "monochromatic" SERS platforms.
As a proof-of-principle, we therefore performed SERS experiments on our chemically-graded samples targeting 4-mercaptobenzoic acid (4-MBA), a molecule specifically chosen for its nonresonant behaviour across the LSP range of interest 29 .
For such a molecule, the colour-graded SERS provides an undistorted mapping of the electric-field enhancement ratio all over the composition range, a relevant quantity that was directly compared with theoretical calculations, thus unambiguously proving the origin of the effect. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   12 For SERS experiments, 4-mercaptobenzoic acid (Sigma Aldrich, 99% purity) was deposited from a 1 µM ethanol solution over the device immediately after its removal from the high-vacuum vessel, to keep environmental contamination to a minimum, left in incubation for 12 h, then rinsed in pure ethanol and dried under a nitrogen flux.
Following the molecule chemisorption, the system preserved its plasmon grading, with a LSP red shift arising from the self-assembled molecular-layer formation on the exposed NP surface 30 . In Fig. 4(a) , the composition-dependent longitudinal-LSP wavelength of the pristine system (coloured crosses, henceforth defined as "nude particles") and following the 4-MBA deposition (coloured open squares, "dressed particles") is reported. A red shift is clearly observed after the deposition of 4-MBA molecule (Fig. 4a) . Exciting the system with either 532 nm or 633 nm lasers, it is apparent 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13 that the excitation wavelengths (green, red horizontal dashed lines in Fig. 4(a) ) may overlap the substrate LSP wavelength at different spots, i.e. at specific AuAg-alloy compositions, on the chemically-graded substrate.
The composition-dependent SERS spectra of 4-MBA molecules excited with a 532 nm laser are reported in Fig. 4(b) (top to bottom, Au-rich to Ag-rich regions) exhibiting vibrational bands characteristic of 4-MBA 31 . The SERS intensities have been normalized to the respective areas of the S 2p-orbital contribution, as measured in XPS (not shown), assumed proportional to the 4-MBA chemisorbed on the sample (experimentally almost constant vs composition).
In general, the SERS signals under each laser vary with the degree of spectral overlap between the LSP and the excitation wavelength (green/red horizontal lines in Fig. 4(a) ), being this the main factor that governs the electric-field enhancement ratio. This is shown in Fig. 4 (b) with 532 nm excitation: The SERS intensity starts very low on the pure-Au side (out of plasmon resonance), sharply increases upon approaching the Ag-rich area (plasmon-resonant region), and then drops toward the pure-Ag end (out-of-resonance), maintaining an invariant peak shape.
The SERS intensity vs composition of the vibrational bands centred at 1587 and 1076 cm -1 is plotted in Fig. 4 The spectral overlap between the excitation source and the LSP, hence the SERS yield, are therefore smoothly tuneable simply by scanning the excitation-laser over different spots on the same substrate. Thus, any resonance/off-resonance condition is freely achievable on the very same system, and even in cases where the substrate LSP is significantly redshifted by the target molecule, the resonance matching condition can be re-established simply by a proper shift of the laser spot.
We believe the most interesting application may be found addressing resonance Raman effects 32, 33 in aptly-chosen molecules. LSP-graded substrates might in this case provide superior performances 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 14 with respect to conventional platforms, allowing more freedom in matching the spectral overlap between the sources of resonance.
Theoretical simulations. In order to quantitatively estimate the electric-field enhancement ratio, optical simulations were performed through a numerical tool based on the Finite Integration Technique (FIT) method (CST Microwave Studio), with the purpose of comparing the experimental and theoretical SERS yields 34 . We employed FIT to determine near-and far-field optical responses (electric field enhancements and the extinction spectra) associated to three material configurations Au, Au 0.5 Ag 0.5 and Ag. Convergence analysis was performed to guarantee an error below 5% on the near-field calculations and less than 1% for the far-field results.
To model the optical properties of Au and Ag nanoparticles, the Drude-Lorentz description as in 35 was considered. On the other hand, for Au 0.5 Ag 0.5 alloy, we performed experimental analysis of the material permittivity and the results were imported in the numerical tool. In all cases a semi-infinite LiF (n≈1.39) substrate in the z-direction was considered. 
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We have modelled the NPs as hemispheres laid on the nano-groove facet facing the deposition 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 source, assuming periodic boundary conditions for the simulation unit cell, with corresponding (x, y) periods deduced from the experimental data. Only a single unit cell is reported in the figures, for the sake of clarity, but the system is periodic in the x and in the y direction. Similarly, the nanoparticles cores (no coating) were chosen as 9 nm for Au, 9.5 nm for Au 0.5 Ag 0.5 and 10 nm for Ag. The calculations were performed for particles in nude configuration, or coated with a 3-nm thick dielectric layer (n=1.45) to simulate the 4-MBA coating (dressed) in agreement with the experimental LSP red shift upon 4-MBA deposition. The 3-nm layer is larger than the molecule dimensions, possibly due to the presence of physisorbed molecules [36] [37] [38] [39] . The amplitude of the electric field associated to the incident plane wave was taken equal to 1 V/m in vacuum, and the EM field was polarized along the NP chains. Far-field extinction spectra were calculated first, and following a successful comparison with experimental data, the corresponding near-field maps were simulated.
In Fig. 4 (a) the calculated far-field LSP wavelength for nude and dressed NPs (black crosses and squares) are compared with the experimental data. In both cases the simulations well reproduce the experimental results, suggesting the substantial adherence of the simulated geometry with the experimental one, despite the necessary simplifications. In detail, we found that in closely-packed 2D NP arrays, the dipolar LSPR has a weak dependence on the NP shape, thus justifying in retrospect the choice of a simple NP geometry such as the hemispherical shape (see refs. 26, 40 for a more detailed discussion of the impact of geometrical approximations on the simulated spectra).
The full far-and near-field optical simulation results are reported in Fig. 5 . Fig. 5(a) displays the extinction spectra for the three material compositions in the dressed configuration, and the mesh employed for the calculations. The maxima of the plots correspond to the black square symbols in Fig. 4(a) . Fig. 5(b-i) describe the electric field distribution for the case of the Au 0.5 Ag 0.5 alloy (the maps for the pure-Ag and pure-Au cases are shown in Figure S1 , S2 of the Supporting Information). (Fig. 4(a) , green dot for 532 nm and red dot for 633 nm 41 ).
In order to deduce the theoretical trend of SERS yield from the calculations, we have estimated the maximum electric field enhancement at the LiF/air interface in proximity of the metallic nanoparticle, and reported the 4 th power of the calculated amplitude field in the graph of Fig. 4(c) (triangles). The experimental and numerical results are in good agreement, confirming indeed that the plasmon grading is indeed the dominant effect determining the composition dependence of the SERS intensity.
Conclusion
Summarizing, we have successfully realized plasmon-graded systems with smoothly-varying LSP resonance and colour-independent nano-morphology, acting as plasmonic subtractive filters with a remarkable colour-independent extinction. Beside their great ease of fabrication, these systems bring significant advantages with respect to structurally-coloured plasmon filters. Firstly, they do not require a-priori choice of discrete plasmon-wavelength sets, but exhibit a smooth LSP shift vs the spatial coordinates. Secondly, their intrinsic "pixel size", i.e. the minimum surface area required to establish plasmonic response can be smaller than other plasmonic filters. Considering that each NP sits on a ≈30×30 nm 2 area and that LSP characteristics in finite NP chains saturate for 6-7 aligned particles 42 , pixels with <200 nm linear dimension become readily accessible, smaller than λ/2 over the whole spectral range. This value can further shrink at the expense of a slight LSP spectral broadening. The subwavelength pixel size cannot be exploited in far-field applications, yet it allows the excitation with sub-wavelength resolution of materials coupled in near-field regime , endowing the systems with an intrinsic flexibility.
Keeping Au and Ag as the plasmonic materials, the LSP-wavelength range is presently limited to 435-600 nm, a value that can be slightly stretched by a clever tuning of the absolute Au and Ag coverage on the sample to 430-610 nm (nude particles). Strategies to cover the whole visible range can be a thickness-graded dielectric coating or introducing other materials than Au or Ag.
Aluminium could be a viable option for extending to lower wavelengths, but issues of alloying and material reactivity should be addressed 40 .
Our chemically-graded colour sorters represent a significant advance in nanophotonics mainly thanks to their versatility of use: they have the potential of acting either as plasmonic subtractive filters, advanced SERS substrates, plasmonic lenses, broadband photovoltaic enhancers and more.
In this work, we explicitly demonstrate their functionality as plasmon filters and SERS substrates,
i.e. the applications that required the least sophisticated fabrication schemes. Indeed, whereas we addressed systems realized by bottom-up fabrication, we feel that chemically-graded systems with even higher degree of control can be realized also by lithographic methods, and have a significant impact in plasmon-enhanced PV, spectral filtering or colour routing. Speaking of spectral filtering, it can be possible by lithography to define a proper deposition mask to realize color filter arrays of various types (e.g. Bayer). In PV applications, the composition grading can be engineered over the surface of a PV cell so that radiation scattering within the active layer can occur over a broader spectral range than conventional systems, allowing for better overall efficiency enhancement.
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